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Fig. 1.8  The feature of service robots in real environment 
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Fig. 1.9  Nissan Motor Company’s concept car “Land Glider” 
(quoted from http://japanese.engadget.com) 
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Fig. 1.10  Configuration of this thesis 
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???????????????????????????????????? 
????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
????? 
 
???? ???? 
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Fig. 2.1  Support polygon and composed force 
2.2  ???????????????????????? 
 
2.2.1  ZMP?????? 
 
???????????????????????????????????
????????????????????????????????????
ZMP???????????????? ZMP????????????????
?????? 
???????????????????????????????????
?????????????????????????????????????
?????????3???????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????????????? P?Fig. 2.1?
??????????????????? P?????????????????
???????????????????????????? ZMP?Zero-Moment 
Point????? 
??????????ZMP ???????????????????????
?????????????????????????????????????
??????ZMP ????????????????????????????
? 2?? ?????????????????????????
25 
?????????????????????????????????????
???????????????????? ZMP?????????? 
 
2.2.2  ???? 
 
????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????????????? 
????????????????????????????????????
?????????? ZMP???????????????????? ZMP??
?????????? ZMP????????????????????????
??????????????????????? ZMP???????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????? 
????????????????????????????? 4 ?????
???? 
1. ????????????? 
2. ??????????????? ZMP?????? 
3. ??????????? 
4. ?????????????????? 2 ?????????????
????????????????????? 
????????????????????????????????????
??????????????????????? 
 
???? ???? 
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2.2.3  ????????????? 
 
???????????????????????????????????
??????Fig. 2.2?? 
1. ????????????????????????????? 
2. ?????????????????????????????????
????????? 
3. ??????????????????????????????? 
4. X?????????????????????? Y?????????
????????????? Z????????? O?????????
? 
5. ???????????????????????X?Y??? Z????
???????????????????? 
6. ?????????????????????????????????
????????????X??? Y????????????????
????????????????? 
 
2.2.4  ZMP?????? 
 
?????????????????????O? XYZ???????????
?? P??????????????????????????? 
 mi(ri ? rp )
i
AllParticles
? ? (˙ ˙ ri +G) ? {(rFk ? rp ) ? Fk + Mk}+ T = 0
k
AllPoints
?  (2.1) 
?(2.1)????? P? ZMP????????? ZMP??????? 
 mi(ri ? rZMP )
i
AllParticles
? ? (˙ ˙ ri +G) ? {(rFk ? rZMP ) ? Fk + Mk}+ TZMP = 0
k
AllPoints
?  (2.2) 
????ZMP?????TZMP = [0,0,Tz ]
T???? 
? 2?? ?????????????????????????
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Fig. 2.2  Robot model and definitions 
???? ???? 
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???????????????????Fig. 2.2??????????????
????????????O ? X Y Z ??????????????? ZMP ???
?????????? 
mi(r i ? r ZMP )
i
AllParticles
? ? ˙ ˙ r i{ + ˙ ? ? r i + 2? ? ˙ r i +? ? ? ? r i( ) + ˙ ˙ Q + G }? {(r Fk ? r ZMP ) ? F k + M k} + T ZMP = 0
k
AllPoints
?
 (2.3) 
 
???(2.3)??????O ? X Y Z ???? ZMP ??????????????
?????????????? ZMP????????????????????
?????????????????????????????????????
????????????????? ZMP?????????????????
???????????????????????????? ZMP??????
?????????????????????????????????????
??????? 
 
2.2.5  ??????????????? 
 
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????? 
1. ???????????????? 
2. ????????????????????? 4???????????Fig. 2.3?? 
3. ???????????????????????????????? Yaw
???????????????????????????????????? 
4. Z?????????????????????????Fig. 2.4?? 
 
??????????????????????(2.3)????????? 
 mi(r i ? r ZMP )
i
AllParticles
? ? ˙ ˙ r i{ + ˙ ? ? r i + 2? ? ˙ r i +? ? ? ? r i( ) + ˙ ˙ Q + G } = 0  (2.4) 
?????????????Fig. 2.3???????????????????
??????????????????????? 4????????????. ?
? 2?? ?????????????????????????
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???????????????????????????????M????4
?????????????(2.4)????????? 
 mw (r w ? r ZMP ) ? ˙ ˙ r w{ + ˙ ? ? r w + 2? ? ˙ r w +? ? ? ? r w( ) + ˙ ˙ Q + G } = ?M  (2.5) 
?(2.5)?????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
 
 
Fig. 2.3  Upper body model as a 4-particle model 
 
 
 
 
Fig. 2.4  Linearization of the robot model 
???? ???? 
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??????????(2.5)?????????????????????(2.6)??
(2.7) ??(2.8)??????? 
???????????????????????????????????
?????????????????????????????????????
??????????????? 
 mU( ? z T ? ˙ ˙ x T ? ? x T ? ˙ ˙ z T ) + mT(z T ? z ZMP )(˙ ˙ x T + ˙ ˙ x q ? g x)˛ ?mT(x T ? x ZMP)(˙ ˙ z T + ˙ ˙ z q ? g z)
+mW(z W ? z ZMP)(˙ ˙ x W + ˙ ˙ x q ? g x) ?mW(x W ? x ZMP)(˙ ˙ z W + ˙ ˙ z q ? g z) = ?My
 (2.6) 
 mU(Y ? y T ? ˙ ˙ z T ? ? z T ? ˙ ˙ y T ) + mT(y T ? y ZMP )(˙ ˙ z T + ˙ ˙ z q ? g z) ?mT(z T ? z ZMP )(˙ ˙ y T + ˙ ˙ y q ? g y)
+mW(y W ? y ZMP)(˙ ˙ z W + ˙ ˙ z q ? g z) ?mW(z W ? z ZMP)(˙ ˙ y W + ˙ ˙ y q ? g y) = ?Mx
 (2.7) 
 
  
mU { ? x T ? ˙ ˙ y T ? ? y T ? ˙ ˙ x T + 2( ? ˙ x T ? x T + ? ˙ y T ? y T )? z + ( ? x T
2
+ ? y T
2) ˙ ? z } + mT(x T ? x ZMP )(˙ ˙ y T + ˙ ˙ y q ? g y) ?mT(y T ? y ZMP)(˙ ˙ x T + ˙ ˙ x q ? g x)
+mW(x W ? x ZMP)(˙ ˙ y W + ˙ ˙ y q ? g y) ?mW(y W ? y ZMP)(˙ ˙ x W + ˙ ˙ x q ? g x) = ?Mz
 (2.8) 
?(2.6)?(2.7)?(2.8)? Z????????????????????????? 
????????????????????????????? Z??????
????????????? ??????????????? 2???
?? 
 mT(z T ? z ZMP )˙ ˙ x T˛ ?mT( ? g z)x T + mW(z W ? z ZMP )˙ ˙ x W ?mW( ? g z)x W = ?M*y  (2.9) 
 ?mT(z T ? z ZMP)˙ ˙ y T + mT( ? g z)y T ?mW(z W ? z ZMP)˙ ˙ y W + mW( ? g z)y W = ?M*x  (2.10) 
 
  
mU R
2˙ ˙ ? yaw = ?M*z  (2.11) 
 
????????? x T? x W? y T? y W?????????????(2.9)?(2.11)
?????????????????????????? x ? y ?? 4?????
????????(2.9)?(2.10)? 2 ?????????????????????
????????????????????????????????????
?????????????????????????????????????
?????(2.9)?(2.10)????????????????????????(2.12)?
(2.13)????????? 4 ??????????? x T? x W? y T? y W???? 4
???????????????????????????????? 
 
? 2?? ?????????????????????????
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?
mT(z T ? z ZMP )˙ ˙ x T˛ ?mT( ? g z)x T = ?M*yTRUNK
+mW(z W ? z ZMP)˙ ˙ x W ?mW( ? g z)x W = ?M*yWAIST
M*yTRUNK + M
*
yWAIST = M
*
y
? (2.12) 
 
 
?mT(z T ? z ZMP)˙ ˙ y T + mT( ? g z)y T = ?M*xTRUNK
?mW(z W ? z ZMP)˙ ˙ y W + mW( ? g z)y W = ?M*xWAIST
M*xTRUNK + M*xWAIST = M*x
 (2.13) 
 
 
  
mU R
2˙ ˙ ? y = ?M*z  (2.14) 
 
????????????????????????????????????
?(2.12)??(2.13)??????? ZMP ???????????????????
??????????????????????????? 2????? 
  (2.15) 
  (2.16) 
????????????????????????????????????
?? ??????????????? ?????????????
??? 
????????????????? 
?(2.15)??????????? ????????????????????
??????????? 
  (2.17) 
???????? 2 ?????????????????[120]???????
?????????????????????????????????????
?????????????????????????????????????
?????????????????? 
?????(2.17)????????????????????????????? 
???? ???? 
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Fig. 2.5  Impulse response of ZMP equation 
  (2.18) 
??????????????????????????? 
 x W (t) = be
?a t
 (2.19) 
???? 
 a =
g z
(z W ? z ZMP )
,b = ? 1
2 g z (z W ? z ZMP )
 (2.20) 
???????????????????? WABIAN-2R ????????
z w = 600[mm]?????????? Fig. 2.5?????? 
? 2?? ?????????????????????????
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?????????(2.19)????(2.15)??????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
??? 
 
2.2.6  ??????????????? 
 
?????(2.12)?????MyTRUNK
* ???MyWAIST
* ???????? ZMP???
?????????????????????????????????????
?????????????????? ZMP ??????O ? X Y Z ??????
????????????MyTRUNK
* ???MyWAIST
* ???????????????
???(2.12)??????????????? 
????(2.12)? 2?????????????????????? x T?x W??
???????????????????(2.12)? 2 ?????????????
?????????????????? x T?x W????????????????
?????????????????????????????????????
x T? x W?????????????????????????????????
? y T? y W??????????? 
???????????? ZMP?????????????????????
?????????????????????????????????????
??????yaw??(2.14)??????????????????????????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
???????? 
 
 
2.2.7  ??????????????????????????????? 
 
????????????????????????????????????
??????????????????????????(2.3)?????????
???? ???? 
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?????????? ZMP??????????? ??????????
?????????????(2.12)??(2.13)?????????????????
???????????? ?????????????????????
????? 
????????????????????????????????????
?????????????????????n???????????????
????????? ??????????(2.21)??????????
?????????????????????????? 
  (2.21) 
????????????????????????????????????
?????????????????????????????????????
????? 1???????????????????????????????
??????????????????????????????????? 
 
2.2.8  ??????????? 
 
??????????????????????????? Fig. 2.6?????
?????????????????????????????????????
???????????????????? 5????????? 
A. ??????? 
??????????????????????????????????
?????????????????????????????5???? 6
????????????????????????? 
B. ???????? 
??????????????????????????????????
????????????????????? 
C. ?? ZMP????? 
ZMP ???????????????????X?Y ??????????
? 2?? ?????????????????????????
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??????????????????????????????????
? ZMP?????????? 
D. ???????????? 
??????????????????????????????????
??????????????????????????????????
??? 
E. ?????????????????? 
????????????????? 6 ????????????????
??????????????????????????????????
?????????????????? 
 
???? ???? 
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Fig. 2.6  Flowchart of the pattern generation method based on Fourier transform 
? 2?? ?????????????????????????
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2.3? ????????????????? 
 
2.3.1? ???? 
 
???????????????????????????????????
????????????????? 
???????????????????????????????????
???????????????????? 2????????????????
????????????????????????????????????
?????????????????????????????????????
?????? 
 
2.3.2? ???? 
 
??? 2 ???????????????????????????????
???? 
 
(a) ??????????????????? 
???????????????????????????????????
????WABIAN-2R????? 600[mm]?????1/3??1/2??1??2??3
?????????????????????????????????????
?????????????????????WABIAN-2R????? 4????
???? 
 
(b) ???????????? 
??????????????????? 9.81[m/s2]?????1/3 ??1/2 ??
1??2??3???????? 
 
???????????????????????????????????
???????WABIAN-2R????? 64.5[kg]?????????? 
 
2.3.3? ???? 
 
???????????????????????????????????
???? ???? 
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?????????????????????????????????????
?????????????? 
?????????????????????????2.19?????2.20??
???????????????????????????????????? 
???????????????????????????????????
???????????????????????Pattern Generator?????PG
???????????????????????PG ????????????
?????????????????????????????????????
??????????? 
?????????????? 8[step]??? 200[mm]?????? 30[mm]??
? 180[mm]????? 0.96[s]?????? ZMP???????????????
?????? Yaw?????????????????????????????
????????????????????? ZMP?????????????
????????????????????????????? 50[Hz]?????
Butterworth?????????ZMP???????????????? ZMP??
???????? 
?????????????? ZMP???????????????????
???? PG???????????????????? 
 
2.3.4? ???? 
???????????? Fig. 2.7?? Fig. 2.10???? 
 
(a) ??????????????????? 
Fig. 2.7?????????????? 600[mm]?????1/3??1/2??1??
2??3????????? ZMP??????????????????????
?????????????????[s]???????????????????
???????????????? X?????[m]???? 
???????????????????????????????????
?????TDyn???????????????????????????????
?????????????????????????????????????
?????????????????????????? 
???Fig. 2.8?????????????????????????????
?????????????????????????????????????
?? ZMP?????????????????? X????? Y????[m]?
? 2?? ?????????????????????????
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??? 
???????????????????????????????????
?????Y??????????????????????????? 
 
(b) ???????????? 
Fig. 2.9???????????? 1/3??1/2??1??2??3???????
?? ZMP????????????????????????????????
???????[s]???????????????? X?????[m]???? 
???????????????????????????????????
???????????TDyn????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????? 
???Fig. 2.10?????????????????????????????
?????????????????????????????????????
ZMP??????????????????X?????Y????[m]???? 
???????????????????????????????????
????????????????????????Y????????????
??????????????? 
 
???????????????????????????????????
??????????????????????????? Fig. 2.11??????
?????????????????????? Fig. 2.12???? 
 
???? ???? 
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Fig. 2.7  Impulse response of ZMP equation changing the height of the waist 
 
 
Fig. 2.8  Horizontal waist trajectory changing the height of the waist 
? 2?? ?????????????????????????
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Fig. 2.9  Impulse response of ZMP equation changing the acceleration of gravity 
 
Fig. 2.10  Horizontal waist trajectory changing the acceleration of gravity 
???? ???? 
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(a) Zw=200[mm] 
 
(b) Zw=300[mm] 
  Fig. 2.11  Stick diagram of walking pattern changing the height of the waist 
? 2?? ?????????????????????????
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(c) Zw=600[mm] 
 
Fig. 2.11  Stick diagram of walking pattern changing the height of the waist 
???? ???? 
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 (d) Zw=1200[mm] 
 
Fig. 2.11  Stick diagram of walking pattern changing the height of the waist 
? 2?? ?????????????????????????
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(e) Zw=1800[mm] 
 
 Fig. 2.11  Stick diagram of walking pattern changing the height of the waist 
???? ???? 
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(a) Zw=200[mm] 
 
 
 
(b) Zw=300[mm] 
 
Fig. 2.12  Stick diagram of walking pattern of the right leg changing the height of the 
waist on the sagital plane 
? 2?? ?????????????????????????
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(c) Zw=600[mm] 
 
Fig. 2.12  Stick diagram of walking pattern of the right leg changing the height of the 
waist on the sagital plane 
???? ???? 
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(d) Zw=1200[mm] 
 
Fig. 2.12  Stick diagram of walking pattern of the right leg changing the height of the 
waist on the sagital plane 
? 2?? ?????????????????????????
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(e) Zw=1800[mm] 
 
Fig. 2.12  Stick diagram of walking pattern of the right leg changing the height of the 
waist on the sagital plane 
???? ???? 
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2.3.5? ?? 
???????????????????????????????? 
????ZMP ????????????????2.19???????????
??????? a??0??b??0??????????????????????
????? Fig. 2.13?????????????????? 1???? 
Fig. 2.13 (a)?????????? a????????????????????
????????????????????????????????a????
????????????????????Fig. 2.13 (b)??????? b????
???t=0????????????????????????????????
??? 
??????????????????????? 
 
(a) In case of focusing "a" (b=1) 
  Fig. 2.13  Corelation between the impulse response of the ZMP equation and the 
coefficients 
? 2?? ?????????????????????????
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???????? Zw???????a?b ????????????2.20????
?????????????????????????????? Fig. 2.8???
???????G?????????????????????????????
??  
???????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????? 
????Fig. 2.8????????????????????????????
??????????????????????? 
??????Fig. 2.7??????????????????????????
 
(b) In case of focusing "b" (a=1) 
  Fig. 2.13  Corelation between the impulse response of the ZMP equation and the 
coefficients 
???? ???? 
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???????TDyn????????????????????????????
?????????????????????????????????????
????????????? 
????????????????????? 
????? G???????a?????b??????????2.15????
??????????????????????????????? Fig. 2.7??
????????Zw ???????????????????????????
????????????????????? Zw=0?????????????
??????????????????????????????????? 0
?????????????????????????????????????
?????????????? 
???????????????????????????????????
?????????????????????????????????????
????Fig. 2.9?????????????????????????????
????????????????TDyn???????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????? 
???????????????????????????????????
?????????????????????????????????????
????????????????????????????Fig. 2.10??????
?????????????????????????????????????
??? 
 
????????????????????????????????Zw<0?
???????????????????????????????? 
Zw<0??????2.12???????????? 2?????????????
????? 0 ???????????????[122]?????????????
?????????????????????????????????????
????????? 
 
x W (t) =
1
?n (z ZMP ? z w )
sin(?nt)    (2.17) 
? 2?? ?????????????????????????
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???? 
?n =
?gz
z ZMP ? z w
    (2.18) 
???? 
??????????????????????????????????
-600[mm]???????1/3??1/2??1??2??3????????? ZMP?
?????????????????????????? Fig. 2.14(a)???????
??? Zw=-600[mm]?????? 1/3??1/2??1??2??3????????
?????????????????????? Fig. 2.14(b)???? 
????????????2.17??????????????????????
t<0???????????????????t?0??????????????
??????????????Zw?????????????????????
?????????????????????????????????????
???????????????????? Fig. 2.14???????? 
???????????????????????????????????
???????????? 
 
???????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
?????????????????????????????????
???? ???? 
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(a) Height of the waist Zw (G: x1) 
 
(b) Gravity (Zw=-600[m]) 
Fig. 2.14  Horizontal waist trajectory in case of Zw<0 
? 2?? ?????????????????????????
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2.4? ??????????????? 
 
2.4.1? ???? 
 
???????????????????????????????????
?????????????????????????????????????
???????????????????????????????? 
 
2.4.2? ???? 
 
?????? 5??????????????????????????????
????????????????????? 
 
Motion #1????? 
? ?? 200[mm/step] 
Motion #2?????????????? 
? ?? 200[mm/step] 
? ???????-200[mm] 
Motion #3?????????????? 
? ?? 200[mm/step] 
? ???????-400[mm] 
Motion #4??????????????????90[deg]? 
? ?????????????????????????????????
????????????????? Yaw????-30[deg/step]????
????????? 90[deg]???? 
Motion #5??????????? 
? ?? 200[mm/step] 
 
????????????????????????????? 
?????????WABIAN-2R??????? 
????? 0.96[s/step]??? 180[mm]??? 6[step]?????? 30[mm]?
????????? 600[mm] 
 
???? ???? 
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2.4.3? ???? 
 
???????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
??????????????????? 
 
2.4.4? ???? 
 
????????Fig. 2.15????????????????????????
??????????????????????#1 ?????????????
?????2??3 ????????????????????????????
??????????#4 ?????????????????????????
?5?????????????????????? 
???????????????????????????????????
?????????? Fig. 2.16?2.17????????????????????
???? X?Y?Yaw?????? 
 
? 2?? ?????????????????????????
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Fig. 2.15  The number of the iterative calculation for each motion 
 
 
 
(a) Motion #1 
Fig. 2.16  Initial compensated moments for each motion 
???? ???? 
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(b) Motion #2 
 
 
 
(c) Motion #3 
Fig. 2.16  Initial compensated moments for each motion 
? 2?? ?????????????????????????
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(d) Motion #4 
 
 
(e) Motion #5 
Fig. 2.16  Initial compensated moments for each motion 
???? ???? 
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(a) Mx for Motion #1 
Fig. 2.17  Convergence of the error moments for each motion 
? 2?? ?????????????????????????
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(b) My for Motion #1 
Fig. 2.17  Convergence of the error moments for each motion 
???? ???? 
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(c) Mx for Motion #2 
Fig. 2.17  Convergence of the error moments for each motion 
? 2?? ?????????????????????????
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(d) My for Motion #2 
Fig. 2.17  Convergence of the error moments for each motion 
???? ???? 
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(e) Mx for Motion #3 (1/2) 
Fig. 2.17  Convergence of the error moments for each motion 
? 2?? ?????????????????????????
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(e) Mx for Motion #3 (2/2) 
 
 
(f) My for Motion #3 (1/2) 
Fig. 2.17  Convergence of the error moments for each motion 
???? ???? 
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(f) My for Motion #3 (2/2) 
Fig. 2.17  Convergence of the error moments for each motion 
? 2?? ?????????????????????????
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(g) Mx for Motion #4 
Fig. 2.17  Convergence of the error moments for each motion 
???? ???? 
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(h) My for Motion #4 
Fig. 2.17  Convergence of the error moments for each motion 
? 2?? ?????????????????????????
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(i) Mx for Motion #5 (1/2) 
Fig. 2.17  Convergence of the error moments for each motion 
???? ???? 
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(i) Mx for Motion #5 (2/2) 
Fig. 2.17  Convergence of the error moments for each motion 
? 2?? ?????????????????????????
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(j) My for Motion #5 (1/2) 
Fig. 2.17  Convergence of the error moments for each motion 
???? ???? 
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(j) My for Motion #5 (2/2) 
Fig. 2.17  Convergence of the error moments for each motion 
? 2?? ?????????????????????????
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2.4.5? ?? 
 
????????Motion #1??#3????????????????????
??????????????????Fig. 2.15???????????????
?????????????????????????????????????
?????????????????????????????????????
???????? Fig. 2.17(c)??(f)?????????????? 
???????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????? 
?????????????????Motion #4??????????????
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2.5? ?????????????????? 
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2.6? ??? 
 
????????????????????????????????????
????????????????????????????????? 
??????ZMP ???????????????????????????
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????? ZMP???????????
?????????????????????????????????????
? 2?? ?????????????????????????
75 
???????????????????????? 
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????? 
????? 1??????????????????????????????
?????????????????????????????????????
???????????? 
 
?????????????????? 
? ?????????????????????2.2.1? 
? ZMP?????????????2.2.2? 
? ??????????????????????????????????
??????????????2.2.3-8? 
? ???????????????????????????????ZMP?
??????????????????????????????????
?2.3? 
? ?????????????????????????????????2.3? 
? ???????????????????????????????????
??????????????????????????????????
???????????2.4? 
? ?????????????????????????????????2.5? 
???? ????
76 
? 3?? ?????????????????????????
77 
???? ???????????????????
???????
 
3.1  ???? 
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?????????????????????????????????????
??????????????????????????????????????
???? ???? 
78 
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????? 3.3
????????? 
?????????????????????????????????????
??????????????????????????????????????
??????????????? 
????????????????????????????????????
????? 
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??????????????????????????????????????
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??????????????????????????????????????
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3.2.2  ???????????????????? 
 
???????????????????????? FFT???????????
??????????????????????????????????????
??????????????????????????????????????
????? Fig. 3.1???? 
?????????????????????????????????Fig. 3.2
??????????? 0.20 [m/step]????? 0.96 [s/step]??? 8 [step]?????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????? 
 
???? ???? 
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Fig. 3.1  Flowchart of the IR-based SWPG (convergence for all of the phases) 
? 3?? ?????????????????????????
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3.2.3  ???????????????????? 
 
?????????????????????????????????????
??????????????????????????????????????
???? 3 ?????????????????????? ZMP ????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????2????????????
Fig. 3.2  Waist compensatory motion generated with the IR-based SWPG  
(convergence for all of the phases) 
???? ???? 
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?????????? 3??????? 2???????????????????
1??????????????????????????????????????
??????????????????????????????????????
???????????????????? Fig. 3.3????????? Fig. 3.4??
?? 
?????????????????????????????????Fig. 3.5
??????????????????????? FFT ????????????
??????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
Fig. 3.3  Algorithm of the IR-based SWPG (convergence for each phase) 
? 3?? ?????????????????????????
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Fig. 3.4  Flowchart of the IR-based SWPG (convergence for each phase) 
???? ???? 
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Fig. 3.5  Waist compensatory motion for standing still generated with the 
IR-based SWPG (convergence for each phase) 
? 3?? ?????????????????????????
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?????????????????????????????2.5 [m/s2]?????
???? ???? 
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Fig. 3.6  Flowchart of the IR-based SWPG (convergence for each window) 
? 3?? ?????????????????????????
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Fig. 3.7  Comparison of the waist trajectories (without windows overlapped) 
 
Fig. 3.8  Comparison of the waist trajectories (with windows overlapped) 
???? ???? 
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Fig. 3.9  Comparison of the waist trajectories (with windows overlapped) (enlarged) 
 
Fig. 3.10  Comparison of the accelerations of the waist trajectories 
? 3?? ?????????????????????????
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????????????????Fig. 3.11???????????????? 3?
????????? 
 
1. Pre-phase (????  [s]) 
2. Target phase (????  [s]) 
3. Post-phase (????  [s]) 
 
???????????????????????? ? ? 1.8[s]?????
?? ? 1 ????????????????????????????????
??????????????????????????????????????
????????????????????? 
3.1 ??????????? ? tpst????????????????????
???? Target phase????????????????????????????
 
 
 
Fig. 3.11  the compensatory waist trajectory for the compensated moment which is cut out 
with a window 
???? ???? 
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Fig. 3.12  Flowchart of the FF-based online walking pattern generation 
? 3?? ?????????????????????????
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??????????????????????????????????? Fig. 
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?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????Fig. 3.14 ?????????????
Fig. 3.15??????????????????????????????????
??????????????????????????????????????
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Fig. 3.13  Comparison of the compensatory trajectories 
???? ???? 
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Fig. 3.14  Acceleration of the waist trajectory 
 
 
 
Fig. 3.15  Difference value of the acceleration 
? 3?? ?????????????????????????
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Fig. 3.16? Flowchart of online pattern generation with the reduction of the iterative 
calculations 
? 3?? ?????????????????????????
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?????????????????????????????????????
??????????????????????CPU??? Pentium(R) M 1.8[GHz], 
??? 2.0[GB], OS??? QNX(R)  Neutrino(R)  RTOS 6.3????? PC????
?? 
???????? 0.20[m]????? 0.96[s], ?? 8[step]????????????
?????????????????????????????????????
????? Fig. 3.18???????????????????? ? tpst? 1.80[s]?
? 60[ms]????Fig. 3.18 ????????????????????????
1.2 ??????????? 7 ??????????????????????
???? ???? 
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Fig. 3.17  The number of the iterative calculation 
 
 
 
Fig. 3.18  The number of the iterative calculation at each window 
? 3?? ?????????????????????????
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?????????????????????????????????? 
 
 
4.2  ?????????????WABIAN-2R 
 
?????????????????????????????????????
??????WABIAN-2R?????????????????????????? 
 
4.2.1? ??????????? 
 
WABIAN-2R???????????????????????????????
??????????????????????????????????????
1500[mm]??? 60[kg]????????????????????????????
????????????Fig. 4.1????????? 
 
4.2.2? ????? 
?
?????????????????????????WABIAN-2R??????
???????????????
 
Fig. 4.1  Link proportion of human [121] 
? 4?? ?????????????????????????
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?
 
Fig. 4.2  Pelvis and knee motion of human walking [122] 
 
 
Fig. 4.3  Stick diagram of human leg motion [122] 
???? ???? 
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???? ?? ?????
? ?????????????????????Fig. 4.2??????????????
?????????????????????????Fig. 4.3??????????
?????????????????????????????????????Roll
??Yaw??????????????????????????????????
??????????????????????????????????????
??????????Fig. 4.4???????????????????????2?
??????????????????????????????????????
2?????????????????????????????????????
???????????????????????????2??????????
???????????  
?? Roll ??Yaw ????????????????????????????
 
Fig. 4.4  Pelvis structure of human [123] 
? 4?? ?????????????????????????
107 
??????????????????????????????????????
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(b)? ?? 2??? 
????? Pitch?? Roll?????????????????????????
????????????????????????? 2????????????
??? Yaw??????????????????????????? Yaw???
????????????? 
 
(c)? ????? 
WAIBAN-2R?????? 41??????? 7??????? 3????? 1?
?????? Pitch, Roll? 2???????? 1???????? 2????Roll, Yaw??
???? 2????Pitch, Roll????? 7????? 3????? 1?????? 3
???????? 3?????? 3?????????? 
 
4.2.3? ???? 
 
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????????
??????????????????????????????????????
?  
(a) Foot-flat   (b) Toe-contact 
Fig. 4.5  Foot mechanism 
???? ???? 
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??????????????????????????????????????
??????????????????????????????????????
????????????????Fig. 4.5 ??????????????????
????????????????????????1??????????????
????????????????????????????????? 
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????? Fig. 4.7???????? Fig. 4.8?????? Table 4.1?????? Fig. 
4.9???????????????? Fig. 4.10??WABIAN-2R???? Fig. 4.11
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Fig. 4.6? Overview of the 3D CAD model of WABIAN-2R 
???? ???? 
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Fig. 4.7? DOF configuration of WABIAN-2R 
? 4?? ?????????????????????????
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Fig. 4.8? Mass configuration of WABIAN-2R 
???? ???? 
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Fig. 4.10  Movable range of joints 
? ? ? ?  
Fig. 4.9? Dimensions of WABIAN-2R 
? 4?? ?????????????????????????
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Fig. 4.11? Photo of WABIAN-2R 
???? ???? 
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Fig. 4.14 Simulation of adaptive walking with joystick (0.20[m/step], 0.96[s/step]) 
???? ???? 
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Fig. 4.14 Simulation of adaptive walking with joystick (0.20[m/step], 0.96[s/step]) 
? 4?? ?????????????????????????
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Fig. 4.14 Simulation of adaptive walking with joystick (0.20[m/step], 0.96[s/step]) 
???? ???? 
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Fig. 4.14 Simulation of adaptive walking with joystick (0.20[m/step], 0.96[s/step]) 
? 4?? ?????????????????????????
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Fig. 4.14 Simulation of adaptive walking with joystick (0.20[m/step], 0.96[s/step]) 
???? ???? 
122 
 
  
  
  
  
 
Fig. 4.14 Simulation of adaptive walking with joystick (0.20[m/step], 0.96[s/step]) 
? 4?? ?????????????????????????
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Fig. 4.14 Simulation of adaptive walking with joystick (0.20[m/step], 0.96[s/step]) 
???? ???? 
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Fig. 4.14 Simulation of adaptive walking with joystick (0.20[m/step], 0.96[s/step]) 
? 4?? ?????????????????????????
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Fig. 4.14 Simulation of adaptive walking with joystick (0.20[m/step], 0.96[s/step]) 
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Fig. 4.14 Simulation of adaptive walking with joystick (0.20[m/step], 0.96[s/step]) 
? 4?? ?????????????????????????
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Fig. 4.14 Simulation of adaptive walking with joystick (0.20[m/step], 0.96[s/step]) 
???? ???? 
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4.3.1? ???? 
????????????????????????????????????
???????????????WABIAN-2R?????????????????
??????????????????????????????????????
????? 
 
4.3.2? ???? 
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????? 
 
???? ?   ?0.60[m] 
??? ? ?   ?0.02[m/step] 
?????   ?0.96[s/step] 
???? ?   ?60[ms] 
?  ?1.8[s] 
  ?0.96[s] 
 
4.3.3? ???? 
 
?????????????????????????????????????
??????????????????????????????????????
? Fig. 4.15???? 
 
???? ???? 
130 
 
  
  
  
  
Fig. 4.15 Walking experiment with joystick references (0.20[m/step], 0.96[s/step]) 
? 4?? ?????????????????????????
131 
 
 
  
  
  
  
Fig. 4.15 Walking experiment with joystick references (0.20[m/step], 0.96[s/step]) 
???? ???? 
132 
 
4.3.4? ?? 
 
????????????????????????????WABIAN-2R???
?????????4.2 ???????????????????????????
??????????????????????????????????????
?????????????????????????????????????
Fig. 4.15?????? 
 
  
  
  
Fig. 4.15 Walking experiment with joystick references (0.20[m/step], 0.96[s/step]) 
? 4?? ?????????????????????????
133 
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????? 
?????????????????????????????????????
?????????????????????????????? 1?? PC???
??????????????????? 
?????????????????????????????????????
????? 
 
 
???? ???? 
134 
4.4  ?????????????????? 
 
4.4.1? ???? 
?????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
????????????????????  
 
4.4.2? ???? 
???????????? 100[mm]????????? 10[deg]????????
??????????????????????????????????????
?? 
?  
???? ? ? ?0.60[m] 
??? ? ? ? ?0.20[m/step] 
????? ? ?0.96[s/step] 
???? ? ? ?60[ms] 
?  ?1.8[s] 
  ?0.96[s] 
 
4.4.3? ???? 
 
????????????????????????????????????
??????????? Fig. 4.16???? 
 
? 4?? ?????????????????????????
135 
 
  
  
  
  
Fig. 4.16 Walking experiment changing the height of the waist (0.20[m/step], 0.96[s/step]) 
???? ???? 
136 
  
  
  
  
Fig. 4.16 Walking experiment changing the height of the waist (0.20[m/step], 0.96[s/step]) 
? 4?? ?????????????????????????
137 
 
4.4.4? ?? 
 
???????????????????WABIAN-2R????????????
?????????????????????????????????????
??????? 
? 2 ???????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????? 
???????? 2????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????????????????? 
????????Fig. 4.16 ?????????????????????????
?????????????????????????????????????
  
  
Fig. 4.16 Walking experiment changing the height of the waist (0.20[m/step], 0.96[s/step]) 
???? ???? 
138 
??? 
?????????????????????????????????????
????????????????? 2??????? 
?????????????????????????????????????
??????????????????????????????????????
???????????????????????????????? 
?????????????????????????????????????
??????????????????????????????????????
???????????? 
?????????????????????????????????????
??????????????????? 
 
 
4.5? ??? 
 
?3???????????????????????????????????
????????????????????????????????????
WABIAN-2R????????????????????????????? 
?????????????????????????????????????
??????????????????????????ZMP ?????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????WABIAN-2?????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????? 
?????????????????????????????????????
??????????? 
 
?????????????????? 
? ?????????????????????? WABIAN-2R ????
? 4?? ?????????????????????????
139 
???4.1? 
? ????????????????????????????????????
??????????????????????????????????4.2? 
? WABIAN-2R ?????????????????????????????
????4.3? 
? ???????????????????????????????????
??????????????4.3? 
? WABIAN-2R??????????????????????????????
???????????????????????????4.4? 
 
 
???? ????
140 
 
? 5?? ???
141 
? 5?? ?? 
 
5.1  ?? 
5.2  ????? 
 
 
5.1  ?? 
 
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
????????????????????????????? 
??????? 1?????????????????????????????
??????????? 
? 2???????????????????????????????????
??????????????????????????????????????
??????????????? ZMP ???????????????????
ZMP ???????????????????? ZMP ?????????? ZMP
??????????????????????????????????????
????????? ZMP ??????????????????????????
??????????????????????????????????????
???????????????????????????? 
????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
??????????????????????????? 
? 3 ????ZMP ????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???? ???? 
142  
???????????????????????? 
ZMP ??????????????????????????????????
??????????????????????????????????????
????????????????????????? 30[ms]??????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????? 
?????????????????????????????????????
???????????ZMP ????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????? WABIAN-2R ??????????????
?????????? 
????????????????????????????????? FFT??
??????????????????? 
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????? 
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????? 
? 4????? 3?????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
? 5?? ???
143 
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????[74, 75]????????
???????????????????????????????????? 1?
???????????????? 3?????????????????????
??????????????????????????????????????
?????? 
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????? 
?????????????????????????????????????
??????????????????????????????????????
???????????????????????????1??????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????? 
 
 
5.2  ????? 
 
??????? 1?????????????????????????????
????????????????????? 
 
1. ????????????????????? 
2. ???????????????????????????? 
3. ?????????????????? 
4. ????????????????????????????????????
?? 
 
???? ???? 
144  
1.?2.??????????????????????????????????
? 4.????????????????????????????????????
?????????????3.???????????????????? 
3.???????????????????????? 2???????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????? 
 
5.2.1  ?????????????????? 
 
?????????????????????????????????????
???????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????? 1??????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
?????? 
 
5.2.2  ????????????????????????????????? 
 
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????? 
?????????????????????????????????????
??????????????????????????????????????
? 5?? ???
145 
??????????????????????????????????????
???????????? 
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????????????????????????????????????
?????????????????????????????????????
????????? 
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
?????????????????????????????????????
??????????????????????????????????????
?????????????????????????????? 
 
5.2.3  ??? 
 
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???????? 
 
???? ????
146 
 
???? 
147 
?? ?? ?? ??
 
? 1? 
[1] ?? ??, ?????????-???????-?, ?????????, Vol.1, 
No.3, pp.164-166, 1983. 
[2] ?? ?, ?????, ?????????, Vol.16, No.7, pp.897-901, 1998. 
[3] ???????????, ??? ?????????????, ????, 2005. 
[4] ?? ??????????????????????2005? 
[5] I. Kato, S. Ohteru, H. Kobayashi, K. Shirai, and A. Uchiyama and. 
Information-powermachine with senses and limbs. Proc CISM-IFToMM Symp 
Theory and Practice of Robots and Manipulators, 1973. 
[6] ?? ??, ?????????????????, ?????????, Vol.1, 
No.3, pp.196-203, 1983. 
[7] ?? ??, , ????, ????, ?????2???????WL-10RD??
????????, ?????????, Vol.3, No.4, pp.325-336, 1985. 
[8] A.Takanishi, M.Ishida, Y.Yamazaki, and I.Kato. The realization of dynamic walking 
by the biped walking robot. Proc. IEEE Int. Conf. on Robotics and Automation, 
pp.459–466, 1985. 
[9] A.Takanishi, T.Takeya, H.Karaki, M.Kumeta, and I.Kato. A control method for 
dynamicwalking under unknown external force. Proc. IEEE/RSJ Int. Workshop on 
Intelligent Robots and Systems, pp. 795–801, 1990. 
[10] ????, ??, ???, ????. ??????????????????
??????????????????????. ????????????
????????, pp. 1–6, 1992. 
[11] A. Takanishi. Biped walking robot compensating moment by trunk motion. Journal of 
Robotics and Mechatronics, p. 5, 1993. 
[12] ? ??, ?? ??, ?? ??, ?6 ????????? 2 ???????? 
ZMP ??????????, ?????????, Vol.10, No.6, pp.828-833, 
1992. 
[13] ?? ??, ??????????????????? 2????????, ?
????????, Vol.11, No.3, pp.46-51, 1993. 
[14] ?? ??, ?? ??, ?? ??, ???????? 3??????????
? 2 ???????????, ?????????, Vol.11, No.4, pp.101-106, 
???? ???? 
148 
1993. 
[15] J. Yamaguchi, A. Takanishi and I. Kato, Development of Biped Walking Robot 
Compensating for Three-Axis Moment by Trunk Motion, Proceedings of the 
IEEE/RSJ International Conference on Intelligent Robots and Systems, pp. 561-566, 
1993. 
[16] ? ??, ?? ??, ?? ??, ?ZMP???????? 2????????
????????????, ?????????, Vol.11, No.4, pp.77-83, 1993. 
[17] ? ??, ?? ??, ?? ??, ???????2?????????????, 
?????????, Vol.11, No.7, pp.79-87, 1993. 
[18] ? ??, ?? ??, ?? ??, ?????????? 2?????????
????????, ?????????, Vol.13, No.4, pp.553-557, 1995. 
[19] ?? ??, ?? ??, ?? ??, ????????????????? 2?
???? : ???????????????????, ?????????, 
Vol.13, No.7, pp.1030-1037, Oct., 1995. 
[20] ?? ??, ?? ??, ?? ??, ?????????????????? 2
??????????????????, ?????????, Vol.14, No.1, 
pp.67-74, 1996. 
[21] ?? ??, ?? ?, ?? ??, ?? ??, ???????????????
????????? 2 ???????????, ?????????, Vol.14, 
No.4, pp.546-559, 1996. 
[22] ???????????????????????????????????
??????????????? 15 ??????????????????
pp. 851-852?1997? 
[23] J. Yamaguchi, E. Soga, S. Inoue, and A. Takanishi. Development of a bipedal 
humanoid robot -control method of whole body cooperative dynamic biped walking-. 
Proc. IEEE Int. Conference on Robotics and Automation, pp. 368–374, 1999. 
[24] ????, ????, ????, ???, ?????????????????
???????????????????? ? 14 ????????????
?????, pp.723–724, 1996. 
[25] Y. Ogura, Y. Sugahara, Y. Kaneshima, N. Hieda, H. Lim, and A. Takanishi. 
Interactive biped locomotion based on visual/auditory information. Proc. IEEE Int. 
Workshop on Robot and Human Interactive Communication, pp. 253–258, 2002. 
[26] Y. Ogura, S. Ando, H. Lim, and A. Takanishi. Sensory-based walking motion 
instruction for biped humanoid robot. Robotics and Autonomous Systems, Vol. 48, pp. 
???? 
149 
223–230, 2004. 
[27] ?? ?, ?? ??, ??? ??, ? ??, ?? ??, ??????????
????????????????? 2 ???????????, ?????
??????????, pp.89-92 (8B23), 1107, 2003. 
[28] ?? ?, ? ??, ?? ??, ?2 ???????????????????
??????????????(????,??,????)?, ????????
?. C?, Vol.70, No.700, pp.3509-3515, 1225, 2004. 
[29] ?? ?, ??????????????? 2???????????????
????, ????, Mar., 2006. 
[30] ?? ??, ?? ??, ?2???????????????????????
??????? (?? ?????????????????)?, ????, 
Vol.44, No.4, pp.209-214, 4, 2009. 
[31] H. Kondo, Y. Ogura, K. Shimomura, S. Momoki, T. Okubo, H.-O. Lim and A. 
Takanishi, “Emulation of Human Walking by Biped Humanoid Robot with 
Heel-Contact and Toe-Off Motion”, Journal of Robotics and Mechatronics, Fuji 
Technology Press, Vol.20, No.5, pp.739-749, Oct., 2008. 
[32] ?? ??, ?? ??, ?? ???, ?? ??, ?? ??, ?? ??, ??
???????????? ?H5? ???????????????????, 
??????????????????????, 1999? 6?. 
[33] ?? ??, ?? ??, ??? ?, ?? ??, ?? ??, ?? ??, ???
???????????H6?????, ?????????????????
?????, pp.107 (2P2-79-110), 2000. 
[34] ????, ????, ????, ????. ???????????H7????
??????????. ????????????????????????
??, pp.253–258, 2001. 
[35] ?? ??, ?? ??, ?? ??, ?? ?, ?? ?, ?? ??, ?????
??????? HRP-3????, ?????????, Vol.26, No.6, pp.658-666, 
Aug., 2008. 
[36] ???????????????????????????????????
???????Neo Ee Sian???????????????????????
?????? HRP-4C???????????????? 27????????
???????1S3-03?2009? 9?? 
[37] ?? ??, ?? ?, ?? ?, ?? ??, ?????????, ??????
???, Vol.15, No.7, pp.983-985, 1997. 
???? ???? 
150 
[38] K. Hirai, M. Hirose, Y. Haikawa, and T. Takenaka. The development of Honda 
humanoid robot. Proc. IEEE Int. Conference on Robotics and Automation, pp. 
1321–1326, 1998. 
[39] Y. Sakagami, R.Watanabe, C. Aoyama, S. Matsunaga, N. Higaki, and K. Fujimura. 
The intelligent ASIMO: System overview and integration. Proc. IEEE/RSJ Int. 
Conference on Intelligent Robots and Systems, pp. 2478–2483, 2002. 
[40] T. Ishida, Y. Kuroki and J. Yamaguchi, “Development of mechanical system for a 
small biped entertainment robot”, Proceedings in the 12th IEEE International 
Workshop on Robot and Human Interactive Communication, 2003 (ROMAN 2003), 
pp. 297-302, Oct.-2 Nov., 2003. 
[41] K.Nagasaka, Y.Kuroki, S.Suzuki, Y.Itoh, et al, "Integrated motion control for walking, 
jumping and running on a small bipedal entertainment robot", Proceedings of the 2004 
IEEE International Conference on Robotics and Automation, pp. 3189–3194, 2004. 
[42] ?? ??, ??????????????, ????????? , Vol.24, No.2, 
pp.208-210, Mar., 2006. 
[43] I.-W. Park, J.-Y. Kim, J. Lee and J.-H. Oh, “Mechanical design of humanoid robot 
platform KHR-3 (KAIST Humanoid Robot 3: HUBO)”, Proceedings of 5th 
IEEE-RAS International Conference on Humanoid Robots, 2005, pp.321-326, Dec., 
2005. 
[44] ?? ??, ?????? 2 ??????????????, ????, Mar., 
2006. 
[45] ?? ??, ?? ??, ?? ??, ?? ??, ?? ??, ?? ??, ? ?
?, ?? ??, ? ??, ?? ??, ??????????????????
?? 2 ?????????????????, ????????? , Vol.25, 
No.6, pp.842-850, 2007. 
[46] ?? ??, ?? ??, ?? ??, ? ??, ?? ??, ?? ??, ?? ?
?, ?? ??, ? ??, ?? ??, ??????????????????
????????2????????????????, ????????? , 
Vol.25, No.6, pp.851-859, 2007. 
[47] K. JUNG-YUP, L. JUNGHO and O. JUN-HO, “Experimental realization of dynamic 
walking for a human-riding biped robot, HUBO FX-1”, The International Journal of 
the Robotics Society of Japan: Advanced robotics, Vol.21, No.3, pp.461-484, 2007. 
[48] M. Vucobratovic and J. Stepanenko, On the Stability of Anthropomorphic Systems, 
Mathematical Biosciences, Vol. 15, pp. 1-37, 1972. 
???? 
151 
[49] M. VUKOBRATOVIC, “Zero-Moment Point-Thirty Five Years of Its Life”, 
International Journal of Humanoid Robotics, Vol.1, No.1, pp.157-173, 2004. 
[50] ?? ??, ????????????(ZMP)??????, ????????
?, Vol.20, No.3, pp.229-232, 20020415. 
[51] ?? ??, “?????? 2????–????? ZMP (?? ???????
??)”, ?????????, Vol.27, No.4, pp.392?395, May, 2009. 
[52] ???????????????????????????????????
???????????????????????????????????
??2P1-78-110?1999? 
[53] ?? ???, ??????????????????????????, ??
???????????????, 2000. 
[54] K. Yamane and Y. Nakamura, “Dynamics Filter-Concept and Implementation of 
Online Motion Generator for Human Figures”, IEEE Trans. Robot. Automat., Vol.19, 
No.3, pp.421-432, 2003. 
[55] ??????????????????????????????ZMP ??
???????????????????????????????????
????????????????? H6??????? 18????????
??????????pp. 721-722?2000? 
[56] ?? ??, ??? ZMP????????????????????????
?????????, ? 19?????????????????, 2001. 
[57] ?? ??, ??? ?, ????????????????????????
?????, ????????????????, pp.3H22, Sep., 2006. 
[58] ?? ??, ??? ?, ????????????????????????
??????, ????????? , Vol.25, No.6, pp.834-841, Sep., 2007. 
[59] K. NISHIWAKI, “Online Mixture and Connection of Basic Motions for Humanoid 
Walking Control by Footprint Specification”, Proc. of 2001 IEEE Int. Conf. on 
Robotics and Automation (ICRA 2001), pp.4110-4115, 2001. 
[60] K. NISHIWAKI, “Online generation of humanoid walking motion based on a fast 
generation method of motion pattern that follows desired ZMP”, Proc. of Int. Conf. on 
Intelligent Robots and Systems (IROS 2002), pp.2684-2689, 2002. 
[61] K. Nishiwaki, S. Kagami, J. Kuffner, M. Inaba and H. Inoue, “Online humanoid 
walking control system and a moving goal tracking experiment”, Robotics and 
Automation, 2003. Proceedings. ICRA ’03. IEEE International Conference on, 
pp.911-916 vol.1, Sept., 2003. 
???? ???? 
152 
[62] K. Nishiwaki and S. Kagami, “High frequency walking pattern generation based on 
preview control of ZMP”, Robotics and Automation, 2006. ICRA 2006. Proceedings 
2006 IEEE International Conference on, pp.2667-2672, May, 2006. 
[63] ???????????????????????????????????
???????????????????????????????????
?????? 20?????????????1D15?2002? 
[64] S. Kajita, F. Kanehiro, K. Kaneko, K. Fujiwara, K. Harada, K. Yokoi and H. 
Hirukawa, “Resolved momentum control: humanoid motion planning based on the 
linear and angular momentum”, Intelligent Robots and Systems, 2003. (IROS 2003). 
Proceedings. 2003 IEEE/RSJ International Conference on, pp. 1644-1650 vol.2, Oct., 
2003. 
[65] ????????????????????????????????????
???????????????????????????????????
??????????????Vol. 22?No. 6?pp. 772-779?2004? 
[66] ?? ??, ?? ??, “?????????2????????3??????, 
???????????, Vol.26, No.4, pp.p459?466, 1990 
[67] ?? ??, ???????????? 2??????????, ??????
???? 20????????????, 2002. 
[68] ?? ??, ?? ??, ?? ??, ?? ??, ?? ??, ?? ??, ??? 
??, ??? ZMP ???????????????????, ? 23 ????
??????????, pp.2G16, Sep., 2005. 
[69] ?? ??, ?? ??, ?? ??, ?? ??, ?? ??, ?? ??, ??? 
??, ????????? ZMP???????????, ? 21 ??????
???????????, pp.3A18, 2003. 
[70] S. Kajita, F. Kanehiro, K. Kaneko, K. Fujiwara, K. Harada, K. Yokoi and H. 
Hirukawa, Biped Walking Pattern Genration by using Preview Control of 
Zero-Moment Point, Proceedings of the 2003 IEEE International Conference on 
Robotics and Automation, pp. 1620-1626, 2003. 
[71] S. Kajita, M. Morisawa, K. Harada, K. Kaneko, F. Kanehiro, K. Fujiwara and H. 
Hirukawa, “Biped Walking Pattern Generator allowing Auxiliary ZMP Control”, 
Proceedings of the 2006 IEEE/RSJ International Conference on Intelligent Robots and 
Systems (IROS 2006), pp.2993–2999, 2006. 
[72] ?? ??, ?? ??, ??????????? 2 ????????????
????, ????????? , Vol.25, No.7, pp.1082-1091, Oct., 2007. 
???? 
153 
[73] ?? ??, ?? ??, ?? ??, ???????????????????
?????????????????????????, ? 25???????
???????, Sep., 2007. 
[74] ?? ??, ?? ??, ?? ??, ?? ??, ? ??, ?? ??, ????
???????????????????????????????, ? 19
??????????????????pp.987-988, Sep., 2001. 
[75] H.-O. Lim, Y. Kaneshima and A. Takanishi, “Online walking pattern generation for 
biped humanoid robot with trunk”, Proceedings of IEEE International Conference on 
Robotics and Automation, pp.3111-3116, May, 2002. 
[76] P. Michel, J. Chestnutt, S. Kagami, K. Nishiwaki, J. Kuffner and T. Kanade, “Online 
environment reconstruction for biped navigation”, Robotics and Automation, 2006. 
ICRA 2006. Proceedings 2006 IEEE International Conference on, pp.3089-3094, May, 
2006. 
[77] B.-J. Lee, D. Stonier, Y.-D. Kim, J.-K. Yoo and J.-H. Kim, “Modifiable walking 
pattern generation using real-time ZMP manipulation for humanoid robots”, 
Intelligent Robots and Systems, 2007. IROS 2007. IEEE/RSJ International Conference 
on, pp.4221-4226, 29 2007-Nov. 2, 2007. 
[78] J.-H. Kim, “Walking pattern generation of a biped walking robot using convolution 
sum”, Humanoid Robots, 2007 7th IEEE-RAS International Conference on, 
pp.539-544, 29 2007-Dec. 1, 2007. 
[79] J. Chestnutt, J. Kuffner, K. Nishiwaki and S. Kagami, “Planning Biped Navigation 
Strategies in Complex Environments”, IEEE Int. Conf. on Humanoid Robotics 
(Humanoids 2003), 2003. 
[80] S. KAGAMI, “A Fast Dynamically Equilibrated Walking Trajectory Generation 
Method of Humanoid Robot”, Autonomous Robots, Vol.12, No.1, pp.71-82, 2002. 
[81] S. KAGAMI, “Online 3D Vision, Motion Planning and Bipedal Locomotion Control 
Coupling System of Humanoid Robot: H7”, Proceedings of International Conference 
on Intelligent Robots and Systems, 2002. 
[82] J.G. Kim, K. Noh and K. Park, “Human-like dynamic walking for a biped robot using 
genetic algorithm”, Evolvable systems: from biology to hardware: 4th International 
Conference, ICES 2001, Tokyo, Japan, October 3-5, 2001: proceedings, pp.159-170, 
2001. 
[83] J. KUFFNER, “Self-Collision Detection and Prevention for Humanoid Robots”, Proc. 
of International Conference on Robotics and Automation, pp.2265-2270, 2002. 
???? ???? 
154 
[84] J. KUFFNER, “Online Footstep Planning for Humanoid Robots”, IEEE Int’l Conf. on 
Robotics and Automation (ICRA 2003), 2003. 
[85] J. KUFFNER, “Motion planning for humanoid robots”, Proc. 11th Int’l Symp. of 
Robotics Research (ISRR 2003), 2003. 
[86] N. Napoleon, ?? ??, ?? ??, ????????? ZMP???????
??????????????, ?????????, Vol.22, No.5, pp.656-665, 
2004. 
[87] ?? ??, ?? ???, ?? ??, ??? ??, ????????????
? 2 ???????????? - ??????????????????? 
-?, ?????????, Vol.18, No.1, pp.87-93, Jan., 2000. 
[88] ?? ??, ?? ??, ?? ??, ?? ??, ??? ??, ?? ??, ??
????????????????????, ?????????, Vol.21, 
No.8, pp.902-908, Nov., 2003. 
[89] ??? ??, ?? ??, ?? ??, ?? ??, ?? ??, ?? ??, ?? 
??, ?? ??, ???????????????????????????
??????, ????????????????, pp.3H11, Sep., 2006. 
[90] ?? ??, ?? ??, ?? ??, ?? ??, ?? ??, ?? ??, ??? 
??, ?????????????????????????????????, 
????????? , Vol.23, No.6, pp.752-760, Sep., 2005. 
[91] ?? ??, ?? ??, ?? ??, ?? ??, ?? ??, ?? ??, ??? 
??, ????????????????????????????????
??????, ?????????. C?, Vol.71, No.711, pp.3181-3188, Nov., 
2005. 
[92] ?? ??, ?? ??, ??? ??, ?? ??, ?? ??, ?? ??, ??
???????????????????????, ?????????. C?, 
Vol.74, No.745, pp.2272-2280, Sep., 2008. 
[93] ?? ??, ?? ??, ?? ??, ?? ??, ?? ??, ?? ??, ?? 
???, ??? ??, ????????????????????????, ?
???????????????, pp.1F17, Sep., 2006. 
[94] ?? ??, ?? ??, ?? ??, ?? ??, ?? ???, ?? ??, ?? 
??, ??? ??, ??????????????????????????
??????????, ????????? , Vol.26, No.4, pp.341-350, May, 
2008. 
[95] ?? ?, ?? ?, ?? ??, ?????????????????????
???? 
155 
???????????????? , ????????? , Vol.25, No.7, 
pp.1068-1073, 2007. 
[96] ???? ???, ???? ?????, ?? ??, ??? ?, ??????
???????????????????????(??????? 1,???
??????????????????????)?, ???????????
???????????, pp.86 (1P1-S-048), Jun., 2005. 
[97] ??? ??, ? ??, ?? ??, ?? ??, ??????????????
????????????, ?????????, Vol.14, No.8, pp.1194-1199, 
1996. 
[98] ??? ??, ?? ??, ?? ??, ??????????????????
???????, ?????????, Vol.18, No.3, pp.359-365, 2000. 
[99] ??? ??, ?? ?, ?? ??, ?? ??, ?? ??, ?????????
????????? ZMP ????????????????, ??????
???, Vol.20, No.5, pp.515-520, 2002. 
[100] ?? ??, ?? ??, ?ZMP-?????????????????????
???????????????????????, ????????? , 
Vol.24, No.1, pp.74-83, Jan., 2006. 
[101] ?? ??, ?? ??, ????????????????????????
???????????, ????????? , Vol.24, No.1, pp.64-73, 2006. 
[102] ?? ??, ?? ??, ????????????????????????
?????????????????, ????????? , Vol.24, No.2, 
pp.222-231, 2006. 
[103] ?? ??, ????????????????????????????, ?
????????, Vol.11, No.4, pp.6-13, 1993. 
[104] ?? ??, ?? ??, ????????????????????????
???, ?????????, Vol.11, No.1, pp.131-139, 1993. 
[105] ?? ??, ? ??, ?? ??, ?? ??, ???????????????
???? 2?????? ZMP???????, ???????. D, ?????
?? , Vol.128, No.6, pp.687-693, 2008. 
[106] ?? ??, ?? ??, ?2???????????????????????
?????????? ZMP ???, ???????. D, ??????? , 
Vol.128, No.5, pp.661-668, May, 2008. 
[107] ?? ??, ?? ?, ?? ??, ?2 ??????????????????
???, ???????. D, ???????, Vol.129, No.6, pp.571-577, Jun., 
???? ???? 
156 
2009. 
[108] ?? ??, ?? ??, ???????????????? 2 ???????
??????????????? , ????????? , Vol.15, No.6, 
pp.857-863, 1997. 
[109] ?? ??, ???????????????????????, ??????
??, Vol.16, No.8, pp.1076-1082, 1998. 
[110] ?? ?, ?? ??, ????????????, ?????????, Vol.14, 
No.4, pp.517-522, 1996. 
[111] ?? ???, ?? ??, ??????? LQ ??????????????
??????????, ?????????, Vol.18, No.1, pp.110-119, 2000. 
[112] ?? ???, ?????????????????????????????
???, ?????????, Vol.18, No.8, pp.68-78, 2000. 
[113] ?? ???, ??? ??, ?? ??, ?? ??, ????????? ZMP
?????????, ????????? , Vol.23, No.3, pp.370-375, 20050415. 
[114] ?? ??, ?? ??, ?? ??, ?ZMP??????????? 2????
?????????? , ????????? . IIC, ????????? , 
Vol.1997, No.9, pp.35-40, 19970227. 
[115] ?? ??, ??? ?, ?? ??, ?? ??, ?? ??, ?????????
??????????????????????????, ????????
??????????????, pp.46 (1P1-E05), 2002. 
[116] ?? ???, ?????????????????????????????
????, ? 17?????????????????, pp.1193-1194, Sep., 1999. 
[117] ?? ??, ? ??, ?? ??, “2 ??????????????, ????
??????????, Vol.56, No.2, pp.123?127, Feb., 2009. 
[118] ?? ???, ?? ??, ?? ??, ??????????????????
???????? , ??????? . D, ??????? , Vol.129, No.9, 
pp.881-889, Sep., 2009. 
[119] ??????, ??????? ????????7 ????????????
???, ??????, 2008. 
 
? 2? 
[120] ?????????????????????1983? 
 
???? 
157 
? 4? 
[121] ???????????????????????1990? 
[122] P.E. Klopsteg???????????????????????????1975? 
[123] ???????????????????????????????, ????
????, 1991? 
???? ????
158 
?? 
 
159 
?? ? ??
 
????????????????????????????????? ?? ?
???????????????????????????? 7?????????
??????????????????????????????????????
??????????????????????????????????????
?????????? ?? ??????? ???????????? ?? ??
????????????????????? 
?????????????????????????????????????
??????????????????????????????????????
????????????????? ? ???????????????????
??????? ??????????????????? ?? ????????
?????????? 
?????????????????????????????????????
?????????WABIAN-2R?????????????? ????2007??
?????????? ?????2004 ???????????? ?????2005 ?
??????????? ????2006??????????Aiman MUSA MOHAMED 
OMER 君????????????????????????? ????2007 ??
?????????? ?????2008??????????? ??????????
??????? ???????????????????PD????? ?????2008
???????????? ??????????????? ???????????
????? ???????????????? ??????????????Massimiliano 
ZECCA ????????????? ???????????????GCOE ???
????? ???????????????? ??????????????Przemyslaw 
KRYCZKA??????????????? ?????????????? ?????
????????? ?????????????????????????2005??
? 2006??????????????????????Anders JOHANSSON???
???????? 
?????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
??????????????????????????????????????
???? ???? 
160  
???? 
???????????????????????? ????????????
??????????????????????????????????????
??????????????????????????????????????
????????????????????? ????????????? 
 
???????????????????? ????? ???????????
?????????? 
 
 
2010? 2? 
?? ?? 
 
???? 
???? - 1 
?? ?? ?? ??
??? ?? ? ????????? 
?????
?? 
??? 
1. ??     
?? Realization of Wakling by 
FFT-based Online Pattern 
Generation 
Proceedings of the 12th 
International Conference 
on Climbing and Walking 
Robots and the Support 
Technologies for Mobile 
Machines (CLAWAR 
2009) 
2009? 9? ???? 
????? 
???? 
????? 
???? 
???? 
???? 
???? 
??? 
???? 
 
? Attitude Compensation 
Control for Biped Humanoid 
Robot 
Proceedings of the 12th 
International Conference 
on Climbing and Walking 
Robots and the Support 
Technologies for Mobile 
Machines (CLAWAR 
2009) 
2009? 9? ??? 
???? 
???? 
???? 
??? 
???? 
 
? Development of Walking 
Support System Based on 
Dynamic Simulation 
Proceedings of the IEEE 
International Conference 
on Robotics and 
Biomimetics (Robio 
2008) 
2009? 2? Aiman Musa 
M. Omer 
???? 
??? 
???? 
 
? Simulation of Walking 
Support System Using 
Humanoid Robot 
Proceedings of the 2008 
IEEE/SICE International 
Symposium on System 
Integration (SI 
International 2008) 
2008? 12? Aiman Musa 
M. Omer 
???? 
??? 
???? 
 
? Development of a 
Rehabilitation System Using 
Humanoid Robot 
Proceedings of the 5th 
International Conference 
on Ubiquitous Robots and 
Ambient Intelligence 
(URAI 2008) 
2008? 11? Aiman Musa 
M. Omer 
??? 
???? 
??? 
???? 
 
???? ???? 
???? - 2 
??? ?? ? ????????? 
?????
?? 
??? 
1. ?? 
????
    
?? Emulation of Human 
Walking by Biped Humanoid 
Robot with Heel-Contact and 
Toe-Off Motion 
Journal of Robotics and 
Mechatronics 
2008? 10? ???? 
??? 
???? 
???? 
???? 
??? 
???? 
 
?? Algorithm of Pattern 
Generation for Mimicking 
Disabled Person's Gait. 
Proceedings of the second 
IEEE/RAS-EMBS 2006 
International Conference 
on Biomedical Robotics 
and Biomechatronics 
(BioRob2008) 
2008? 10? ???? 
???? 
??? 
???? 
????? 
??? 
???? 
 
?? Application of Biped 
Humanoid Robot to Motion 
Simulation for Elderly and 
Disabled People 
Proceedings of the 6th 
International Conference 
of the International 
Society for 
Gerontechnology 
(ISG2008) 
2008? 6? ???? 
??? 
???? 
???? 
????? 
??? 
???? 
 
? Dynamic-based Simulation 
for Humanoid Robot 
Walking Using Walking 
Support System 
 
Proceedings of the 5th 
International Conference 
on Informatics in Control, 
Automation and Robotics 
(ICINCO2008) 
2008? 5? Aiman Musa 
M. Omer 
??? 
???? 
??? 
???? 
 
? Human-like Walking with 
Knee Stretched, Heel-contact 
and Toe-off Motion by a 
Humanoid Robot 
Proceedings of the 2006 
IEEE/RSJ International 
Conference on Intelligent 
Robots and Systems 
(IROS2006) 
2006? 10? ??? 
???? 
???? 
???? 
???? 
???? 
??? 
???? 
 
???? 
???? - 3 
??? ?? ? ????????? 
?????
?? 
??? 
1. ?? 
????
    
?? Biped Humanoid Robot 
Capable of Being Used as 
Human Motion Simulator 
Proceedings of the 10th 
International Symposium 
on Experimental Robotics 
(ISER2006) 
2006? 7? ???? 
??? 
???? 
???? 
???? 
??? 
???? 
 
? Development of a New 
Humanoid Robot to Realize 
Various Walking Pattern 
Using Waist Motions 
Proceedings of the 
sixteenth CISM-IFToMM 
Symposium on Robot 
Design, Dynamics, and 
Control (ROMANSY16) 
2006? 6? ??? 
???? 
???? 
???? 
???? 
??? 
???? 
 
? Development of A Humanoid 
Robot WABIAN-2 
Proceedings of the 2006 
IEEE International 
Conference on Robotics 
and Automation 
(ICRA2006) 
2006? 5? ??? 
???? 
???? 
???? 
???? 
??? 
???? 
 
? Development of a Humanoid 
Robot Capable of Leaning on 
a Walk-assist Machine 
Proceedings of the first 
IEEE/RAS-EMBS 2006 
International Conference 
on Biomedical Robotics 
and Biomechatronics 
(BioRob2006) 
2006? 2? ??? 
???? 
???? 
???? 
???? 
??? 
???? 
 
? Development of A Humanoid 
Robot Having 2-DOF Waist 
and 2-DOF Trunk 
Proceedings of the 
IEEE-RAS International 
Conference on Humanoid 
Robots (Humanoids2005) 
 
2005? 12? Aiman Musa 
M. Omer 
??? 
???? 
???? 
???? 
???? 
??? 
???? 
 
???? ???? 
???? - 4 
??? ?? ? ????????? 
?????
?? 
??? 
2. ??     
?? FFT??????????
???????????
????? 
? 27????????
????????? 
2009? 9? ???? 
????? 
???? 
????? 
???? 
???? 
???? 
???? 
??? 
???? 
 
? ???????????
???????????
???????????
????????????
??????????? 
? 27????????
????????? 
2009? 9? ???? 
???? 
????? 
????? 
???? 
???? 
??? 
???? 
 
? ???????????
???????????
????????????
????????????
???????????
????? 
? 27????????
????????? 
2009? 9? ??? 
????? 
???? 
???? 
???? 
????? 
???? 
??? 
???? 
 
? Development of Disturbance 
Force Generator for 
Humanoid Robots 
? 27????????
????????? 
2009? 9? Przemyslaw 
Kryczka 
???? 
????? 
???? 
Aiman Musa 
M. Omer 
???? 
????? 
???? 
??? 
???? 
 
???? 
???? - 5 
??? ?? ? ????????? 
?????
?? 
??? 
2. ?? 
????
    
?? FFT??????????
??????????? 
???????????
?????? 2009??
? 
2009? 5? ???? 
????? 
???? 
????? 
???? 
???? 
???? 
???? 
??? 
???? 
 
? ???????????
???????????
???????????
????????????
???????????? 
? 26????????
????????? 
2008? 9? ???? 
???? 
???? 
????? 
??? 
???? 
 
? ???????????
???????????
???????????
????????????
???????????
??? 
? 26????????
????????? 
2008? 9? ??? 
???? 
???? 
???? 
????? 
??? 
???? 
 
? ???????????
??? 2????????
????????????
???????????
???????????
???? 
? 25????????
????????? 
2007? 9? ????? 
???? 
???? 
??? 
???? 
??? 
???? 
 
???? ???? 
???? - 6 
??? ?? ? ????????? 
?????
?? 
??? 
2. ?? 
????
    
?? ???????????
???????????
???????????
????????????
???????????
???? 
? 25????????
????????? 
2007? 9? ???? 
???? 
????? 
??? 
???? 
??? 
???? 
 
? Development of Biped 
Humanoid Robot as Human 
Motion Simulator (6th 
Report: Dynamic Simulation 
for Biped Walking with 
Walk-assist Machine) 
? 25????????
????????? 
2007? 9? Omar Aiman 
??? 
???? 
??? 
???? 
 
? ???????????
???????????
????????? 
? 24????????
????????? 
2006? 9? ???? 
???? 
???? 
??? 
???? 
???? 
??? 
???? 
 
? ???????????
???????????
????? 
???????????
?????? 2006??
? 
2006? 5? ??? 
??? 
???? 
???? 
???? 
???? 
??? 
???? 
 
? ???????????
???????????
???????????
????? ?????? 
???????????
?????????? 
? 23????????
????????? 
2005? 9? ???? 
???? 
??? 
???? 
???? 
??? 
???? 
 
???? 
???? - 7 
 
??? ?? ? ????????? 
?????
?? 
??? 
2. ?? 
????
    
?? ???????????
???????????
???????????
????????????
?????????? 
? 23????????
????????? 
2005? 9? ???? 
???? 
??? 
???? 
???? 
??? 
???? 
 
? ???????????
???????????
???????????
????????????
???????????
???????? 
? 23????????
????????? 
2005? 9? ??? 
???? 
???? 
???? 
???? 
??? 
???? 
 
3. ??
?? 
    
? ???????????
???????????
???????????
?????? 
 
?????????Vol. 
44?No. 4? 
2009? 4? ???? 
???? 
 
4. ??     
 IEEE ICRA 2006 Best Paper 
Award Finalist 
The 2006 IEEE 
International Conference 
on Robotics and 
Automation (ICRA2006) 
2006? 5? ??? 
???? 
???? 
???? 
???? 
??? 
???? 
 
???? ????
???? - 8 
 
